ABSTRACT Herpes simplex virus type 1 (HSV-1) establishes latency in neurons and can cause severe disseminated infection with neurological impairment and high mortality. This neurodegeneration is thought to be tightly associated with virus-induced cytoskeleton disruption. Currently, the regulation pattern of the actin cytoskeleton and the involved molecular mechanisms during HSV-1 entry into neurons remain unclear. Here, we demonstrate that the entry of HSV-1 into neuronal cells induces biphasic remodeling of the actin cytoskeleton and an initial inactivation followed by the subsequent activation of cofilin, a member of the actin depolymerizing factor family that is critical for actin reorganization. The disruption of F-actin dynamics or the modulation of cofilin activity by mutation, knockdown, or overexpression affects HSV-1 entry efficacy and virus-mediated cell ruffle formation. Binding of the HSV-1 envelope initiates the epidermal growth factor receptor (EGFR)-phosphatidylinositide 3-kinase (PI3K) signaling pathway, which leads to virus-induced early cofilin phosphorylation and F-actin polymerization. Moreover, the extracellular signal-regulated kinase (ERK) kinase and Rho-associated, coiled-coil-containing protein kinase 1 (ROCK) are recruited as downstream mediators of the HSV-1-induced cofilin inactivation pathway. Inhibitors specific for those kinases significantly reduce the virus infectivity without affecting virus binding to the target cells. Additionally, lipid rafts are clustered to promote EGFR-associated signaling cascade transduction. We propose that HSV-1 hijacks cofilin to initiate infection. These results could promote a better understanding of the pathogenesis of HSV-1-induced neurological diseases.
rons, which are the cells in which the virus establishes latency and reactivates under specific conditions (7) .
The role of actin during HSV-1 entry appears to be correlated with the entry mechanism and the type of cell infected, and distinct downstream signaling events have been observed (8) (9) (10) . Cortical actin is the first obstacle encountered by the virus upon infection. Upon viral binding to the cellular receptor, different kinases such as Rho GTPase were triggered to modulate the cytoskeleton. In addition, efficient virus entry was achieved by the active remodeling of dynamic actin through the induction of membrane-associated receptor clustering (11, 12) and promotion of virus surfing, a process in which the virus benefits from the actin-driven mobility of these receptors to reach subcellular sites suitable for membrane fusion (13) . For example, studies with human immunodeficiency virus (HIV) have demonstrated that binding of the HIV-1 gp120 protein to CD4 induces a signaling cascade that triggers actin reorganization and actin-dependent clustering of HIV-1 entry receptors to establish signaling platforms for fusion pore formation (14) (15) (16) . Furthermore, multiple receptor-induced host signal molecules have been subverted by viruses to promote infection. However, in contrast to Kaposi's sarcoma-associated herpesvirus (17) , very limited information is available on the cellular signaling pathways involved in the ability of HSV-1 to induce a favorable environment for entry via changes in the actin cytoskeleton. In particular, the mechanism by which HSV-1 regulates host cytoskeleton rearrangement and enters neuronal cells remains uncertain, particularly when considering that F-actin dynamics may contribute to the pathogenesis of neurological diseases and that viral entry into host cells is the most critical step for the production of virus-induced life-threatening complications (18) .
In the present study, we examined the process by which HSV-1 enters neuronal cells. The results indicate that cofilin (CFL), a member of the actin depolymerizing factor family, which is important for actin dynamics and cell migration (19, 20) , initiates virus infection. The HSV-1 entry-induced early biphasic dynamics of F-actin and cofilin regulation were responsible for mediating both the assembly and disassembly of F-actin. Specifically, epidermal growth factor receptor (EGFR)-phosphatidylinositide-3 kinase (PI3K) signals participated in the HSV-1-mediated early phosphorylation (inactivation) of cofilin, which triggered events facilitating actin-based receptor clustering and virus entry. We also demonstrated that extracellular signal-regulated kinase 1 (ERK) and ERK2 (Erk1/2) acted as a downstream effector controlling cofilin activity and cell ruffle formation. HSV-1 has thus evolved an intricate mechanism for infecting neuronal cells (see Fig. 8 ).
RESULTS

HSV-1 infection induces early actin rearrangement and cofilin biphasic activation.
We used a human SK-N-SH neuroblastoma cell line to conduct the study because of their similarity to primary neuronal cells (21) . This cell line is composed of morphologically distinct cell types consisting of the sympathoadrenal neuroblast (N) type and the substrate-adherent nonneuronal (S) type (22) and can be differentiated in vitro using various agents that promote coordinated morphological and biochemical changes leading to neuroectodermal phenotypes over a period of time (23) . Moreover, undifferentiated SK-N-SH cells have previously been used to demonstrate the differences between keratinocytes and neuronal cells in response to HSV-1 infection (24) . Undifferentiated cells have also been extensively used as a cellular model for studying neuropathological processes that might play a role in neurodegenerative disorders (e.g., Alzheimer's disease), making them a proper candidate for elucidating the response of neuronal cells to HSV-1 infection and the molecular interaction promoting HSV-1 entry (7, 25) . The virus was added to cells at 4°C to synchronize infection before the cells were transferred to 37°C to initiate infection, a method that has been widely used (13, 26, 27) . Previous studies reported that infection of HSV-1 induced filopodium formation in differentiated P19 neural cells (28) ; we also found that HSV-1 entry into neuronal SK-N-SH cells induced the protrusion of filopodia and lamellipodia or the formation of cortical actin at different times. As early as 10 min postinfection (mpi), we observed the dissolution of actin stress fibers and the appearance of filopodia and lamellipodia. However, stress fibers reappeared at 30 mpi (Fig. 1A) . The changes in actin were analyzed semiquantitatively (Fig. 1B) . In MRC-5 cells, viral infection also induced cell protrusions, such as lamellipodia and microspikes, an actin phenotype distinct from filopodia (see Fig. S1A in the supplemental material). HSV-1-induced actin remodeling was further confirmed by flow cytometry analysis. Rapid and transient actin polymerization could be observed as early as 5 mpi, and at 30 mpi, F-actin began to depolymerize (Fig. 1C) . Furthermore, HSV-1 entry was impaired by the disruption of actin dynamics using three chemicals: latrunculin A (Lat-A), cytochalasin D (Cyto D), and jasplakinolide (Jas) (Fig. 1D to F) . These results suggest that virus-induced actin cytoskeleton remodeling was essential for HSV-1 entry. HSV-1 entry kinetics was also examined by confocal microscopy (Fig. 1G) . During the first 10 mpi, viruses were detected along the surface and were docked onto the HSV-1-induced cell protrusions (see Fig. S1B ). The viruses then moved along the filopodia and were located at the cell membrane, mainly at 30 mpi, when membrane fusion and viral penetration occurred. At 60 mpi, the viruses had entered the cytoplasm and were mostly being transferred to the nucleus. In addition, at different times postinfection, intracellular internalized viral DNA was extracted and quantified. As shown in Fig. 1H , most of the virion cell entry occurred after 30 mpi. A plaque assay for viral penetration kinetics was also performed (Fig. 1I ) and demonstrated a time lag between viral adsorption at 4°C and the initiation of viral penetration after a temperature shift to 37°C, which had been previously observed with HSV (29, 30) . These results suggest a close correlation between the viral entry process and the timing of actin remodeling in which F-actin polymerization promotes viral binding and F-actin depolymerization facilitates viral penetration and intracellular trafficking.
Actin-filament dynamics in cells are known to be modulated by cofilin, and the most important physiological function of cofilin is to sever and depolymerize actin filaments, thereby promoting actin dynamics (31) . Cofilin is inactivated by phosphorylation at serine 3, which prevents its association with actin, and is reactivated by dephosphorylation. The LIM kinases (LIMK) and testicular protein kinases phosphorylate cofilin, whereas the slingshot and chronophin phosphatases dephosphorylate cofilin at this site (32, 33) . Given that HSV-1 entry induced both actin polymerization and depolymerization, we examined cofilin activity in cells infected with HSV-1 and found that cofilin was inactivated early and then activated at 30 mpi (Fig. 1J ). This observation was in agreement with the quantification of the biphasic changes of F-actin (Fig. 1C) . Additionally, the fluorescence intensity of phosphorylated cofilin (p-cofilin) and the colocalization of p-cofilin and F-actin demonstrated similar tendencies in the virus entry process, although most cells showed colocalization after HSV-1 infection (see Fig. S1C to F in the supplemental material). HSV-1 infection also induced a transient activation of the LIMK kinases early at 5 mpi (Fig. 1J) . Taken together, these results demonstrate that the regulation of cofilin activity contributes to the HSV-1-induced dynamic remodeling of the actin cytoskeleton at early stages of infection. Viral binding (Ͻ30 mpi) requires cofilin inactivation and F-actin polymerization, whereas viral penetration and cytoplasm trafficking (30 mpi to 60 mpi) require cofilin activation and F-actin depolymerization.
Modulation of cofilin activity affects HSV-1-induced membrane ruffling and entry. To confirm the role of cofilin in HSV-1 infection, we sought to knock down or overexpress cofilin to modulate its activity because there were no direct pharmacological agents to activate or inhibit cofilin activity. During HSV-1 infection, the mRNA expression level of cofilin does not change significantly (see Fig. S2A in the supplemental material). Using small interfering RNA (siRNA), the viral entry process was clearly impeded ( Fig. 2A) . The cofilin (CFL)-specific siRNA inhibited 90% of cofilin expression, as detected by Western blotting, and viral entry was only 50% of the control. LIMK knockdown also inhibited HSV-1 entry (see Fig. S2B ). These results suggest that cofilin is required for HSV-1 entry. The expression of mutants carrying S3E and S3A substitutions has been successfully used to mimic inactive phosphor-cofilin (p-CFL) and active cofilin, respectively. Overexpression of wild-type cofilin (WT cofilin) has also been reported to increase cofilin activity (34) . To identify the role of cofilin phosphorylation in HSV-1 infection, the cells were transiently transfected with CFL/WT, CFL/S3E, and CFL/S3A. The mutant expression patterns are shown in Fig. S2C in the supplemental material. Surprisingly, the expression of both mutants of At various times after transfer of the cells to 37°C, virions that had not penetrated were inactivated with a pH 3 wash, and plaques were counted after 2 days. (J) Biphasic activation of cofilin and LIMK. Cofilin inactivation was measured by Western blotting using either an MAb specific for p-cofilin or an anti-cofilin pAb at the indicated time postinfection, and LIMK activation was probed using either an MAb specific for p-LIMK or an anti-LIMK MAb. In all the mock-infected experimental groups, the untreated cells were used as a control. In the HSV-1-infected group, the cells that were incubated at 4°C for 1 h and then transferred to 37°C for indicated times without HSV-1 infection to mimic infection were used as the control (mock).
cofilin inhibited viral entry in a dose-dependent manner, similar to the inhibition by CFL/WT (Fig. 2B ). In addition, confocal microscopy detection demonstrated a reduced viral entry process. Viral particles of HSV-1 entry were visualized by immunofluorescence staining with viral protein ICP5 (Fig. 2C) . At 60 mpi, more than 90% of the ICP5-positive (ICP5 ϩ ) particles were inside the cells, and the average number of viral particles was 18 Ϯ 6 per cell. In contrast, the overexpression of CFL/WT, CFL/S3A, and CFL/ S3E significantly reduced the total number of viral particles per cell to 7 Ϯ 2, 5 Ϯ 3, and 7 Ϯ 3, respectively, but the empty vector had no effect (data not shown). Thus, the cofilin phosphocycle is critical for efficient HSV-1 entry. Both the down-and upregulation of cofilin activity inhibit viral internalization given that cofilin may accumulate progressively and transiently at cortical actin and is involved in both the assembly and disassembly of F-actin (Fig. 1C) , which may affect viral binding and penetration ( Fig. 1H  and I ). Additional microscopy experiments suggested that viral cell periphery migration mobilized the pool of active cofilin and that tight control of local active cofilin at the cell periphery is crucial for viral entry (Fig. 2D ). In the absence of HSV-1 stimulation, CFL/WT-expressing cells and the overactivated mutant CFL/ S3A were positive for cofilin rod-like structures. These rod-like structures consisted of active cofilin and may sequester actin monomers, thereby reducing the available G-actin sources and the production of ruffles. These phenomena were consistent with an increased cofilin activity (32) . However, HSV-1 infection changed the expression of cells expressing CFL/WT to a diffused pattern, leading to the disappearance of the rod-like structures. Viral penetration and trafficking may require active cofilin to cleave the F-actin accumulated under the cell membrane used for receptor clustering and ruffle formation. Thus, mobilized active cofilin cannot reform into rod-like structures. Similarly, in cells expressing CFL/S3A, the colocalization of cofilin and F-actin at the lamellipodia remained unchanged, suggesting that active cofilin could favor viral entry from cell ruffles. However, a separation of cofilin from F-actin induced by HSV-1 infection at the cell ledge was observed in cells expressing the dominant-negative CFL/S3E. These observations suggest that cofilin may regulate two steps of the entry process and that the alteration of cofilin activity disturbs the coordinated action of two opposite forces during viral binding and penetration. Low concentrations of active cofilin could be involved in F-actin polymerization to facilitate viral binding. Then, the progressive accumulation of active cofilin (reduced phosphorylated cofilin) on the filaments could ultimately favor the disassembly of the actin network promoting viral penetration and intracellular trafficking. In line with this scenario, increasing the pool of active cofilin by expressing the constitutively active S3A cofilin or WT cofilin blocks viral binding and entry presumably due to an excess of depolymerizing activity. Conversely, inactivation by the overexpression of S3E cofilin induces an intense and disorganized accumulation of actin filaments at the cell periphery, preventing viral penetration and thus resulting in the inhibition of virus entry.
In addition, given that cofilin has previously been shown to play a role in the formation of filopodia and lamellipodia (35, 36) , we examined the location of p-cofilin in HSV-1-induced filopodia and lamellipodia. Strikingly, the most intense p-cofilin labeling was strongly colocalized within the cell protrusions (Fig. 2E) . We also analyzed the effects of cofilin and cofilin mutant expression on the formation of HSV-1-induced ruffles (Fig. 2F ). Transient expression of either the wild-type strain or mutants reduced the formation of HSV-1-induced ruffles by 45% Ϯ 5% compared with expression of nontransfected cells. The knockdown of cofilin expression still reduced the number of filopodia and F-actin accumulation (see Fig. S2D in the supplemental material). We also observed that active cofilin (CFL/S3A) accumulated at the tips of filopodia and local ruffling areas (indicated by an arrow), whereas inactive cofilin (CFL/S3E) did not accumulate during the challenge of HSV-1 stimulation, suggesting a role for cofilin in controlling retrograde filopodia, which may facilitate viral surfing (see Fig. S2E ). In addition, we found that another cytoskeletal regulatory protein-LIM and SH3 domain protein 1 (Lasp-1), which regulates cell migration and is involved in HSV-1 infection (37)-has also been involved in HSV-1 entry and virus-induced cell ruffle formation. The overexpression or knockdown of Lasp-1 affects viral entry (see Fig. S3A and B). Because cofilin (Fig. 2E) was localized in ruffles, these proteins are likely to be involved in the HSV-1-mediated ruffling process. In summary, the modulation of cofilin activity plays a critical role in HSV-1 internalization, and an ordered inactivation-activation process of cofilin is exploited by HSV-1. Therefore, either overactivation or inactivation could result in interference with the entry process.
Involvement of RTKs and PI3K in HSV-1 entry and cofilin phosphorylation. Signaling to the cytoskeleton through G protein-coupled receptors, integrins, and receptor tyrosine kinases (RTKs) has been extensively reported to regulate cofilin activity. Moreover, several studies have demonstrated that viral attachment can lead to the activation of host signal transduction cascades, predominantly through tyrosine phosphorylation, which contributes to the internalization of virus into host cells (12, 38) . Thus, we tested whether RTKs were involved in HSV-1-induced cofilin phosphorylation. Significantly, genistein, a specific inhibitor of RTKs, inhibited viral entry and cofilin phosphorylation (Fig. 3A) . By confocal microscopy, we observed that viral binding quickly induced the activation of tyrosine phosphoproteins while active RTKs gathered and relocalized at the cell membrane when virus entered the cells (Fig. 3B ). Due to undifferentiating process, some cells might exhibit the epithelial morphology. Additionally, RTKs were recruited to the sites of virus entry and colocalized with viral capsid protein ICP5 (Fig. 3C) . HSV-1 infection also induced the tyrosine phosphorylation of several host proteins (data not shown).
Tyrosine phosphorylation has previously been shown to be involved in PI3K activation, which was reported to support the entry of several viruses into cells (39, 40) . To investigate whether this signaling pathway is involved in HSV-1 entry and cofilin phosphorylation, we analyzed the effect of virus uptake on the phosphorylation of Akt, the major downstream effector of the PI3K pathway, which is commonly used as a readout of PI3K activation. Akt was phosphorylated as early as 1 min after virus uptake, and impaired viral entry occurred when cells were treated with LY294002, a specific inhibitor of PI3K ( Fig. 3D and E) . In addition, Src-family kinases, which are involved in regulating changes in the cytoskeleton during the uptake of various invasive pathogens (12, 41, 42) , and PI3K were activated early (Fig. 3F) . The pretreatment of cells with PP2, a specific inhibitor of Src family kinases, significantly reduced HSV-1 infection (Fig. 3E) . Phosphorylated Src kinases were accumulated at the cell edges early at 5 mpi and were colocalized with viral particles (Fig. 3G) , further highlighting the importance of Src-family kinase activity in receptor-induced signaling transduction. In addition, confocal analysis revealed an increased association between tyrosine phosphoproteins and Src during HSV-1 infection but no colocalization between PI3K and Src kinase, which suggests that phosphotyrosine kinases may be the direct upstream kinases that activated PI3K (Fig. 3H) . The RTK inhibitor genistein also impaired HSV-1-induced PI3K activation (Fig. 3A) . These results suggest that HSV-1 induced cofilin phosphorylation through RTK activation and that PI3K/Akt activation was involved in HSV-1 entry.
EGFR promotes HSV-1-induced early cofilin phosphorylation through PI3K-Akt signaling. Because EGFR, the direct upstream kinase of PI3K, is a member of the RTK family and several studies have demonstrated that EGFR is a critical receptor for hepatitis C virus, influenza A virus, and human cytomegalovirus entry (43-46), we subsequently investigated the role of EGFR in PI3K signaling and HSV-1 entry. First, we tested whether HSV-1 infection activated EGFR. Within 5 min, EGFR was transiently activated and clustered when HSV-1 was added to the cells ( Fig. 4A and B ; see also Fig. S4A in the supplemental material) . The preincubation of cells with EGF or basic fibroblast growth factor (bFGF) enhanced HSV-1 entry into serum-starved cells, whereas vascular endothelial growth factor (VEGF) had no effect ( Fig. 4B ; see also Fig. S4B ). These data suggest that the direct interaction of EGF with the EGFR ligand-binding domain modu-lates HSV-1 entry. To further elucidate the time at which EGFR exerts its effects, we performed a kinetics entry assay using EGFRspecific inhibitor AG-1478 ( Fig. 4C ; see also Fig. S4C ). AG-1478 significantly reduced viral entry at an early stage, before the virus entered the cytoplasm. The binding of HSV-1 (here demonstrated as glycoprotein gB) was also apparently inhibited. These results suggest that EGFR may act as a membrane mediator for entry event initiation and intracellular signaling interchange.
Then, to determine whether HSV initiates viral signaling through EGFR, siRNA was used to assess the role of EGFR in the cofilin phosphorylation signaling pathway. Five siRNAs were tested, and two (SiE4 and SiE5) showed efficient silencing effects (see Fig. S4D in the supplemental material). Both siRNAs reduced viral entry slightly and inhibited the HSV-1-induced Akt and cofilin phosphorylation (Fig. 4D) , indicating that EGFR mediated the HSV-1-induced early inactivation of cofilin. We also examined the effect of AG-1478 on Akt and cofilin phosphorylation. The activation of Akt, Src, pTyr, and cofilin phosphorylation was inhibited by 100 nM AG-1478 (Fig. 4E) . AG-1478 also blocked EGF-dependent EGFR phosphorylation (Fig. 4F) . Additionally, by immunoprecipitation experiments, we found that the interaction between EGFR and PI3K was enhanced by HSV-1 infection and was impaired significantly by AG-1478 treatment (Fig. 4G) , which again confirmed the role of EGFR in HSV-1-induced PI3K activation and the subsequent cofilin inactivation and F-actin polymerization. Next, we used other cell lines, including Vero, MRC-5, and HeLa, to determine whether EGFR activation was required for HSV-1 infection. As shown in Fig. S4E , HeLa and Vero cells exhibited enhanced EGFR phosphorylation, suggesting a cell-based EGFR activation. In conclusion, the EGFR-PI3K signaling pathway is involved in HSV-1-mediated early cofilin inactivation and F-actin dynamics.
Lipid rafts are involved in signal coordination. Because EGFR is localized in lipid raft domains (47) and because lipid rafts may function to concentrate the receptors required for binding or inducing signal transduction upon the binding of the viral protein (48-51), we examined whether lipid rafts regulate HSV-1 entry. We examined raft organization in the context of EGF stimulation or viral attachment by labeling the lipid raft marker ganglioside GM1 using fluorescein isothiocyanate (FITC)-conjugated cholera toxin beta subunit (CtxB). In untreated cells, GM1 was detected as an even distribution throughout the cell membrane. However, in cells treated with EGF or HSV-1, GM1 was reorganized to form distinct patches at the membrane, indicating lipid-cluster formation (Fig. 5A ). This result is consistent with a previous observation that EGFR is clustered upon virus binding (see Fig. S4A in the supplemental material). Additionally, GM1 was colocalized with viral protein ICP5 during entry (Fig. 5B) . Furthermore, methyl-␤-cyclodextrin (M␤CD) or nystatin, both of which disrupt lipid rafts by removing cholesterol from membranes or sequestering cholesterol out of the plasma membrane, respectively, was able to block HSV-1 infection in a concentration-dependent manner (Fig. 5C ). This result indicates that clustering of lipid rafts played an important role in HSV-1 entry, which was consistent with a previous study (51) . Notably, although M␤CD and nystatin have differential effects on p-Akt and p-CFL, the HSV-1-induced phosphorylation of EFGR was completely inhibited when the cells were incubated with M␤CD or nystatin (Fig. 5D) . These results suggest an important role for lipid rafts in the regulation of EGFR-PI3K interactions and, therefore, in the coordination of EGFRdependent signaling pathways.
A role for ERK1/2 in EGFR-PI3K signaling and HSV-1-induced filopodium formation. Because one of the downstream effects of EGFR-PI3K-Rho GTPase activation is the regulation of mitogen-activated protein kinase (MAPK) pathways (52, 53), we next examined whether the EGFR-PI3K signaling pathway re- quires the ERK pathway to promote cofilin phosphorylation and F-actin polymerization when induced by HSV-1. Enhanced Erk1/2 activity was observed in HSV-1 infection as early as 1 mpi, and a steady increase in HSV-1-induced ERK activation reached its peak activity at 30 mpi (Fig. 6A) . The pretreatment of cells with U0126, a potent and specific covalent binding inhibitor of MEK1/2, an upstream kinase of Erk1/2, totally inhibited HSV-1-induced ERK phosphorylation without affecting the total ERK levels (Fig. 6B) . Additionally, the treatment with U0126 inhibited HSV-1-induced cofilin phosphorylation and viral entry in a dosedependent manner without influencing virus binding (Fig. 6C  and D) . To determine whether PI3K and Src are needed for Erk1/2 activation, kinase inhibitors were used to detect HSV-1-induced Erk1/2 activation (Fig. 6E) . Apparently, the activation of Erk1/2 and cofilin phosphorylation were inhibited when the cells were treated with LY294002 and PP2 as well as with U0126, indicating that HSV-1-induced Erk1/2 activation is dependent on EGFR-PI3K activity. Specifically, Src inhibitor PP2 inhibited Akt activation (Fig. 6E) , indicating that Src kinase is an upstream kinase of PI3K. This result was corroborated by the recent finding that HSV-1 VP11/12 recruited Src kinase Lck to initiate signaling through the PI3K/Akt signaling module (54) .
In addition, using confocal analysis, we found that during the early infection of HSV-1, activated Erk1/2 increased and was recruited to the base of filopodia (Fig. 6F) . These results indicate a possible role for Erk1/2 in controlling virus-induced filopodium formation and retrograde actin by regulating cofilin activity, which promoted virus surfing and binding when differential rates of actin polymerization in the filopodia and cell cortex occurred (55) . In addition, Erk1/2 activation influenced the formation of filopodia. Cells treated with U0126 possessed a distinct morphology and markedly fewer filopodia, with a 4-fold decrease (Fig. 6G) . Furthermore, Erk1/2 is reported to regulate the activity of myosin II by inducing the indirect phosphorylation of the myosin light chain (MLC) (56) . When cells were infected with HSV-1, phosphorylated MLC was activated and located at the base of filopodia, indicating that myosin II was also involved in HSV-1-induced filopodium formation (Fig. 6H) . Moreover, inhibitors prevented HSV-1-induced MLC activation (Fig. 6E) . Taken together, these results indicate that EGFR-PI3K activation is the upstream event leading to MEK-ERK activation by HSV-1 and that Erk1/2 controls early cofilin phosphorylation and virus-induced filopodium formation.
ROCK is downstream of ERK1/2 in the early cofilin phosphorylation. Erk1/2-controlled cofilin phosphorylation had previously been reported to occur through Rho-associated, coiledcoil-containing protein kinase 1 (ROCK), a Rho kinase that phosphorylates and activates LIMK (57, 58) . Besides, entry of equine herpesvirus 1 was demonstrated to depend upon the activation of ROCK1 (59) . As expected, ROCK was activated, and its specific inhibitor Y27632 inhibited HSV-1 entry (Fig. 7A) . We also tested the activation of p21-activated kinase (PAK), another Rho GTPase kinase that directly phosphorylates LIMK. PAK is activated by RAC1 or CDC42 and is associated with cytoskeleton re- organization. During HSV-1 infection, no obvious change occurred, and IPA-3, an irreversible inhibitor that prevents PAK activation, had no impact on viral infection or binding (Fig. 7B) . These results suggest that PAK activation is not involved in the HSV-1-induced phosphorylation of LIMK. Moreover, PI3K and Src inhibitors and an Erk1/2 inhibitor inhibited virus-induced ROCK activation, whereas none of these inhibitors altered the phosphorylated PAK/total PAK expression levels (Fig. 7C) . In addition, we explored the role of another cytoskeleton regulatorthe Arp2/3 complex-in HSV-1 entry using its specific inhibitor CK-548. Arp2/3 can nucleate actin filaments, cap their pointed ends, and cross-link them into orthogonal networks. Arp2/3 always localizes to membrane ruffles and dynamic regions of the actin assembly. However, the treatment with CK-548 did not prevent HSV-1 entry, binding, or postentry (Fig. 7D) . In summary, the results described above indicate that HSV-1 induced early cofilin phosphorylation through a signaling pathway, such as the EGFR-PI3K-Erk1/2-ROCK pathway, which is illustrated as a simple schematic diagram in Fig. 7E .
DISCUSSION
Although actin reorganization in the presence of HSV-1 had been reported in several cell systems (5), the mechanism and functional consequences of this phenomenon have remained largely uncertain, especially regarding the process of entry of HSV-1 into neuronal cells. In this study, we identified cofilin as a critical factor required for HSV-1 infection. HSV-1 entry required a two-phase process of rapid actin polymerization and depolymerization events, and HSV-1-triggered cofilin activity is regulated in a biphasic manner (Fig. 8 ): viral binding induced the phosphorylation of cofilin via EGFR-PI3K-Erk1/2-ROCK-LIMK signals for F-actin polymerization and efficient entry, and subsequent viral penetration activated cofilin, leading to the fragmentation of existing actin filaments, and also, presumably, loosening of the actin cortex and facilitation of virus trafficking. These findings strongly suggest that HSV-1 has evolved infection strategies to tightly modulate virus entry by regulating cofilin activity and inducing dynamic actin polymerization and depolymerization.
F-actin regulation plays a critical role in neuron function, and the modulation of F-actin dynamics or relevant regulators might result in the disruption of cellular functions or in the occurrence of neurological diseases (60) . Cofilin, as one of the actin regulators, has been shown to be related in neurodegenerative processes (61) . Previously, cofilin activity regulation was shown to be involved in virus-mediated actin remodeling (62) (63) (64) , and our previous work demonstrated that cofilin also participated in HSV-1 infection and replication (7, 37) . We show here that the cofilin phosphocycle is critical for efficient virus entry and that both the downregulation and upregulation of cofilin activity inhibited HSV-1 internalization (Fig. 2) . Dynamic cofilin activity affected the formation of virus-mediated cell ruffles, and tight control of the local concentration of active cofilin is essential for actindependent processes such as receptor clustering and intracellular migration. Interestingly, pathogens, such as HIV and other invasive pathogens, also modulate their uptake into host cells by controlling cofilin activity and actin rearrangement (34, (65) (66) (67) . During HIV-1 infection, G␣ i -dependent signaling from the CXCR4 chemokine coreceptor was utilized by active cofilin for viral nuclear localization (67) . Based on these observations, we postulate that by regulating actin cytoskeleton dynamics, cofilin biphasic activation could present an example of specific cellular machinery being usurped by a pathogen.
Our results suggest that the HSV-1-induced EGFR-PI3K signaling pathway actively participates in the early entry steps. The engagement of RTKs is a major mechanism that transforms extracellular signaling into intracellular kinases and a cytoskeleton response. EGFR is a well-studied member of the RTK family and is involved in the uptake of several viruses (41) (42) (43) (44) . In our experiments, EGFR was not only clustered upon HSV-1 attachment (Fig. 3B) but was also activated, promoting the activation of downstream kinases (Fig. 4) . Similarly to the case of EGF, HSV-1 infection induced the aggregation of lipid rafts, gathering a concentration of signaling molecules within the clustered lipid rafts and thereby initiating signal transduction and HSV-1 internalization. When cells were treated with lipid raft-specific inhibitors, viral entry was significantly inhibited (51) . Moreover, EGFR inhibitor and siRNAs block HSV-1 infection by inhibiting downstream signaling cascades ( Fig. 4D and E) , whereas the EGFR ligand EGF enhances HSV-1 entry kinetics potentially by inducing the redistribution and internalization of HSV-1 entry receptors (Fig. 4B) . Interestingly, the internalization of influenza A virus activated EGFR via the clustering of lipid rafts, suggesting that EGFR internalization may be a common mechanism utilized by viruses to enter cells. Further investigation will be required to identify which viral protein induces EGFR clustering and whether other possible coreceptors are involved in viral signaling and entry.
Kinases, such as PI3K and Erk1/2, are well-known downstream effectors of EGFR. Although the activity of Erk1/2 and PI3K kinases has been associated with several virus internalization processes (48, 49, 68, 69) , the upstream targets and effectors of these kinases have not been described in detail and are not known to be important for HSV-1 infection. Tiwari and Shukla reported that PI3K may affect multiple steps during HSV-1 entry into human conjunctival epithelial cells (69) . However, the specific viral and cellular mediators of HSV-1-activated PI3K remain to be elucidated. Furthermore, a limited number of studies have focused on the role for Erk1/2 in HSV-1 life cycles (70, 71) , and they all showed that HSV-1 replication required the suppression of ERK activity. No study had been performed to investigate whether Erk1/2 is involved in HSV-1 entry. We found that both PI3K and Erk1/2 kinases mediated signaling transduction from cell membrane receptors to intracellular actin remodeling in a PI3K-Erk1/2 sequence. Moreover, because Erk1/2 was localized at the base of filopodia (Fig. 6F ), Erk1/2 may control filopodium formation and retraction, which promotes virus surfing and binding when differential rates of actin polymerization occur in the filopodia and cell cortex. Additionally, we established that there is a critical role of Src kinase and phosphorylated tyrosine kinases in HSV-1 entry. The activation of Src-family kinases allows for the activation of EGFR-PI3K-Erk1/2-ROCK-LIMK-cofilin signaling. These results confirm and extend the implication of EGFR in HSV-1 infection and identify both EGFR inhibitors and ROCK inhibitors as potential HSV-1-inhibitory drugs (59) . In addition, the inhibition of myosin light-chain phosphorylation, another ROCK-regulated process, might inhibit virus entry, which is in accord with recent evidence showing that the inhibition of myosin light-chain kinase and nonmuscle myosin IIA can be targeted for the development of new therapies against HSV-1 (72).
Our results also strongly indicate that EGFR-PI3K activation promotes the RhoA-ROCK signaling pathway to inactivate cofilin and regulate F-actin but that neither Cdc42 nor Rac1 has an effect on virus entry (Fig. 7) . A cell-type-specific intermediate pathway is engaged during HSV-1 entry into different host cells. Specifically, binding to different receptors leads to the activation of different Rho GTPases. For example, during HSV-1 entry into MD-CKII cells, Cdc42 and Rac1, but not RhoA, were activated and vice versa during entry in primary corneal fibroblasts and nectin-1-overexpressing CHO cells (9, 10) . However, the specific and direct actin regulatory component downstream of Rho GTPase was not confirmed in those studies.
In summary, our results define the specific mechanism of cytoskeleton remodeling during HSV-1 entry into neurons, which could lead to a greater understanding of viral entry and pathogenesis of HSV-1-induced neurological diseases or help the development of more efficient oncolytic virotherapy. We emphasize that cofilin activity regulation acts as a molecular switch to provide a functional link between cytoskeleton rearrangement and the viral entry process. Thus, both the surface receptors and upstream signaling molecules are viable targets for the development of therapeutic antiviral strategies.
MATERIALS AND METHODS
Cells and virus.
The sources and culture conditions for different cell lines have been previously described (7, 37) . The neuroblastoma cell line SK-N-SH (ATCC HTB-11), purchased from the cell bank of the Chinese Academy of Sciences, was propagated in Eagle's minimal essential medium (MEM) (Invitrogen) supplemented with 10% fetal bovine serum (FBS) (Invitrogen), 1.0 mM sodium pyruvate (Sigma), 0.1 mM nonessential amino acids (Invitrogen), and 1.5 g/liter sodium bicarbonate (Sigma). HSV-1 strain F (ATCC VR733), obtained from Hong Kong University, was propagated in Vero cells and stored at Ϫ80°C until use. All cells were purchased from ATCC.
Antibodies, small-compound inhibitors, siRNAs, and plasmids. Site-directed mutagenesis was carried out to construct CFL mutants using a QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA). All constructs were verified by DNA sequencing. For a full list of the antibodies, inhibitors, plasmids, siRNAs, and reagents used, please refer to Tables S1 to S6 in the supplemental material. All inhibitors were used at a noncytotoxic concentration. The cytotoxicity of chemical inhibitors and siRNA and transient expression were determined with a MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide] assay.
Flow cytometry. Flow cytometry (FCM) was used to quantify F-actin reorganization. Briefly, cells were washed with phosphate-buffered saline (PBS) and fixed for 5 min in 4% formaldehyde-PBS. After being washed extensively with PBS, the cells were permeabilized with 0.1% Triton X-100 -PBS and washed again with PBS. The cells were then stained with 5% M fluorescein isothiocyanate (FITC)-phalloidin (Sigma-Aldrich)-PBS for 40 min, and the unbound phalloidin conjugate was removed by several washes with PBS. The fluorescence was then analyzed with an flow cytometer (Becton Dickinson).
Measurement of HSV-1 entry. Viral entry was detected as described previously (7, 33, 73) . Briefly, cells were seeded 24 h prior to experimentation in 12-well or 24-well plates. The cells were pretreated with inhibitors at 37°C for different times, and then HSV-1 (multiplicity of infection [MOI] ϭ 20) binding to cells was performed for 1 h at 4°C in the absence of inhibitors. Then, the cells were washed with PBS (pH 3.0) to remove the bound but not entered virions and incubated at 37°C with the indicated compounds for 1 h. The cells were then washed three times with PBS and digested and recovered by centrifugation, and the internalized viral DNA was isolated using a UNIQ-10 viral DNA kit (Sangon; China). HSV-1 infection and entry were assessed by detecting the viral UL47 gene and UL46 gene using real-time DNA PCR and were expressed relative to control infections without the addition of inhibitors. The PCR amplification product of UL46/UL47 was purified using Gel Extraction Kit II (U-gene; China), diluted serially, and used as a standard for quantitative analysis. The initial copy number of UL46/UL47 DNA in each group was calculated using the following formula: C T ϭ ϪK logX0 ϩ b, where C T is the cycle threshold and K, X0, and b refer to the slope rate, initial copy number, and constant, respectively. For the HSV-1 binding assay, cells were incubated with virus in the presence of inhibitors at 4°C for 1 h, and then cells were washed to remove unbounded virus. Total viral DNA was extracted and measured by real-time PCR. To study the EGFR effect on HSV-1 entry, AG-1478 inhibitor was added every 20 min after viral binding. To assess the effect of EGF on HSV-1 entry, serum-starved SK-N-SH cells were preincubated in serum-free medium in the presence or absence of EGF prior to HSV-1 binding and entry in the presence or absence of EGF. For the mRNA expression level assay, total RNA was extracted with TRIzol reagent (Invitrogen), and 1 g of RNA was then reverse transcribed with a PrimeScript RT reagent kit (TaKaRa).
Penetration assay. A plaque assay was performed to measure the penetration rate (7) . Monolayers of Vero cells were chilled to 4°C for 1 h prior to infection with 300 PFU of virus. The dishes were incubated at 4°C for 1 h to allow virus adsorption and then transferred to 37°C, and at various times ranging from 0 to 120 min, the monolayers were washed with a pH 3 citrate buffer before being overlaid with medium containing 1% human serum.
Western blotting. Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer (15 mM NaCl, 1 mM MgCl 2 , 1 mM MnCl 2 , 2 mM CaCl 2 , 2 mM phenylmethylsulfonyl fluoride, phosphatase inhibitor cocktail S [Invitrogen]). The lysates were normalized to equal amounts of protein, and the proteins were separated by SDS-PAGE (7.5% to 12.5% gradient), transferred to nitrocellulose, and probed with the indicated primary antibodies. Detection was conducted by incubation with speciesspecific horseradish peroxidase (HRP)-conjugated secondary antibodies. Immunoreactive bands were visualized by enhanced chemiluminescence (Beyotime; China). ImageJ software was used to quantify the band intensity. For each point, the signal intensity for each protein was normalized to the signal intensity measured for GAPDH (glyceraldehyde-3-phosphate dehydrogenase) and was expressed as the fold increase relative to the control.
Immunoprecipitation. Cell lysates were preincubated with 1.0 g of appropriate control IgG and 20 l of protein A/G Plus-agarose at 4°C for 30 min. Then, supernatants were incubated for 1 h with immunoprecipitating antibody at 4°C, and the immune complexes were captured by protein A/G Plus-agarose at 4°C overnight. The samples were assayed by Western blotting with specific primary and secondary antibodies.
Transfection and transient expression. For siRNA knockdowns and plasmid overexpression, cells were transfected as described previously. The cells were plated the day before at a density of 10 5 cells or at 50% to 60% confluence per well, transfected with Lipofectamine LTX and Plus reagents (Invitrogen) for plasmids or with Lipofectamine 2000 reagent (Invitrogen) for siRNA according to the manufacturer's instructions, and incubated for 24 h.
Immunofluorescence staining and analysis. Cells were challenged with virus at 4°C for 1 h and then incubated at 37°C for the times indicated. Samples were washed in PBS, fixed in 4% paraformaldehyde (PFA)-PBS for 15 min, and permeabilized with 0.1% Triton X-100 for 5 min. The samples were blocked in 5% bovine serum albumin (BSA) and incubated with primary antibodies (1:1,000 for the Cell Signaling Technology [CST] antibody and 1:3,000 for the Abcam antibody) and fluorochrome-conjugated secondary antibodies (1:1,000). Unless otherwise specified, stainings were performed at room temperature for 1 h. Additionally, 5 M tetramethyl rhodamine isocyanate (TRITC)-phalloidin (Sigma) was added for 40 min and 1 mg/ml DAPI (4=,6= diamidino-2-phenylindole)-PBS was added for 15 min to label F-actin and nuclei, respectively. Images were captured with a Zeiss LSM510 Meta confocal system under a 63ϫ oil immersion objective (Carl Zeiss). The fluorescence intensity of the images was processed and quantified using ImageJ software. Also, the colocalization of two channels was detected using the colocalization finder plug-in.
To copatch lipid rafts with the proteins of interest and for colocalization experiments, cells were incubated with HSV-1, FITC-conjugated cholera toxin beta subunit (CtxB) (Invitrogen) was added at 4°C for 1 h, and the cells were subsequently shifted to 37°C for the time indicated to visualize raft-resident ganglioside M1 (GM1). Proteins of interest were visualized using a common immunofluorescence staining protocol, and images were taken by confocal microscopy.
Effects of cofilin mutation on viral entry were evaluated as previously described (7), using a method similar to that in a previous report (74) . Briefly, SK-N-SH cells with 40% to 50% confluence were transfected with plasmids and then infected with HSV-1 for 1 h. Then, cells were stained with primary antibody against HSV-1 (ICP5; 1:3,000). F-actin and nuclei were stained as described above. Images were acquired by laser scanning microscopy (LSM) for 5 fields of view per dish to enable the counting of ICP5-positive capsids docked at nuclei. The average number of ICP5-positive capsids per nuclei and the percentage of positive nuclei (nuclei docked with at least 1 ICP5-positive capsid) were calculated to evaluate the viral entry.
Statistical analysis. Student's two-tailed t test was used for all statistical analysis, with the levels of significance set at P Ͻ 0.0005 (represented with three asterisks [***] in the figures), P Ͻ 0.005 (**), and P Ͻ 0.05 (*).
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